1. Introduction {#sec1}
===============

Malaria is one of the most infectious diseases caused mainly by parasites of the genus Plasmodium. Among the five species of parasite (*P. knowlesi, P. falciparum, P. vivax, P. malariae, and P. ovale*) that affect humans \[[@bib1], [@bib2]\], *P. falciparum* is the most fatal and responsible for the majority (90%) of fatalities \[[@bib3]\]. According to statistics from the World Health Organization (WHO) Report 2019 \[[@bib4]\], the number of malaria cases is about to be above 228 million globally in 2018 and causing 405000 deaths. Despite intensive efforts to produce a vaccination \[[@bib5]\], drugs remain the only available therapeutic alternative \[[@bib6]\]. Moreover, all efforts made to overcome the disease of malaria have failed due to the continued multi-resistance of *P. falciparum* to available drugs \[[@bib7]\]. Therefore, it is extremely urgent to discover and develop new therapeutic agents targeting the Plasmodium parasite.

In this regard, several research teams have shown great interest in aurones and their nitrogen analogues of azaaurones, which are very important therapeutic targets against malaria. Aurones (2-arylidenebenzofuran-3(2H)-ones) ([Figure 1](#fig1){ref-type="fig"}), and azaaurones (2-araylideneindol-3(2H)ones) ([Figure 2](#fig2){ref-type="fig"}), belong to the flavonoid family containing an exocyclic double bond. Aurones have been reported to have important biological activities \[[@bib8], [@bib9]\], including anticancer \[[@bib10], [@bib11]\], antimicrobial \[[@bib12]\], antileishmanial \[[@bib13]\], anti-alzheimer \[[@bib14]\] antiparasitic \[[@bib15]\], antifungal \[[@bib16]\] and anti-inflammatory \[[@bib17]\] activity. In a particular way, aurones and azaaurones have shown a high antimalarial activity because they act as dual-stage antimalarial agent, i.e. they are capable of inhibiting exoerythrocytic and intraerythrocytic stages \[[@bib18]\].Figure 1Structures of aurones.Figure 1Figure 2Structures of azaaurones.Figure 2

Aurone and azaaurone have the potential to inhibit the cytochrome bc1 by acting as inhibitors of the mitochondrial respiratory chain of *P. falciparum*, by blocking the bifurcated electron transfer by inhibiting the oxidation or reduction of quinol which allows the released or captured protons, which are essential in the synthesis of ATP in cellular respiration. The cytochrome b subunit, which contains two types heme b of different redox potential, the site of quinol oxidation (Qo) with heme b~L~ and the site of quinol reduction (Qi) with heme b~H~ \[[@bib19]\]. According to the molecular docking study, the aurone and azaaurone act on the Qo site of heme b~L~ to the iron--sulfur protein subunit, blocking the electron transfer at the Qo site by inhibiting the oxidation of quinol to quinone which interrupt the synthesis of ATP in cellular respiration \[[@bib20], [@bib21]\].

Since the last decade, the Drug\'s use design techniques by computer software has provided very excellent results for drug discovery and research process \[[@bib22], [@bib23]\], among the effective and useful methods for drug design are the three-dimensional quantitative structure-activity relationship (3D-QSAR), hence to molecular docking and the pharmacokinetic parameters (ADMET). In the purpose to pursue our previous works on antimalarial \[[@bib24], [@bib25], [@bib26]\].

In this research, the 3D-QSAR study on 35 aurone derivatives was used to build QSAR model \[[@bib27]\], which was generated using Comparative Molecular Field Analysis (CoMFA) and Comparative Molecular Similarity Indices Analysis (CoMSIA). Molecular docking studies of these compounds with the protein of cytochrome b were also conducted to better understand the main structural requirements and analyzing the key interactions between ligand and receptor, the promising results in good accordance with experimental results were obtained. Moreover, to evaluate their drug-like ability, each designed compound has been tested by standard computational pharmacokinetic parameters (ADMET) and druglikeness.

2. Material and methods {#sec2}
=======================

2.1. Database and biological activity {#sec2.1}
-------------------------------------

3D-QSAR models were performed on a set of 35 aurone derivatives were taken from the literature \[[@bib27]\]. The biological activities against the *P. falciparum* were expressed as the effective Concentration IC~50~ (μM). These values were converted into pIC~50~ (-Log (IC~50~) values to construct the 3D-QSAR models (Tables [1](#tbl1){ref-type="table"} and[2](#tbl2){ref-type="table"}). For performing the 3D-QSAR models, we divided a data set containing 35 compounds randomly into a training set (25 compounds) to build the models and a test set (10 compounds) to test the performance of the established models.Table 1Aurone compounds studied and their observed and predicted antimalarial activities.Table 1CompoundsRR~1~R~2~IC~50~ (μM)pIC~50~(obs)pIC~50~(pred)Residual1HOHOH94.54.0244.041-0.0172HOMeOMe60.34.2204.306-0.0863[a](#tbl1fna){ref-type="table-fn"}4′-MeOHOH63.44.1984.0550.14342′-EtOMeOMe214.6784.5410.13752′-EtOHOH113.53.9454.273-0.32864′-EtOHH284.5534.430.1237[a](#tbl1fna){ref-type="table-fn"}4′-tBuOMeOMe13.34.8764.7940.08284′-BuOMeOMe11.84.9284.8450.08394′-BrOMeOMe49.84.3034.334-0.03110[a](#tbl1fna){ref-type="table-fn"}4′-FOMeOMe86.74.0624.392-0.33114′-OHOHH1303.8864.033-0.147124′-OMeOMeOMe114.9594.6970.26213[a](#tbl1fna){ref-type="table-fn"}4′-PhOMeOMe2343.6314.238-0.607144′-PyOMeOMe854.0713.950.121[^1]Table 2Azaaurone compounds studied and their observed and predicted antimalarial activities.Table 2CompoundsRIC~50~(μM)pIC~50~(obs)pIC~50~(pred)Residual154′-Br49.84.3034.444-0.141164′-Cl174.7704.5380.23217[a](#tbl2fna){ref-type="table-fn"}2′-Cl9.95.0045.086-0.082182′,5′-Cl8.45.0765.0490.0267192′-Cl, 6′-F95.0464.9370.109204′-Et165.8410.159212′-Et12.85.8935.6350.258222′,6′-Me9.15.0415.549-0.50823[a](#tbl2fna){ref-type="table-fn"}2′,4′-Me3.65.4445.515-0.071242′,4′,5′-Me5.65.2525.1740.078252′,3′,5′,6′-Me8.95.0515.147-0.096264′-i-Pr4.45.3565.383-0.02727[a](#tbl2fna){ref-type="table-fn"}4′-t-Bu7.25.1435.214-0.071284′-Bu4.15.3875.3810.00629[a](#tbl2fna){ref-type="table-fn"}4′-CCH13.44.8735.489-0.616302′,4′-OMe55.3015.349-0.04831[a](#tbl2fna){ref-type="table-fn"}2′,4′,6′-OMe1.95.7215.4490.272323′,4′,5′-OMe1.95.7215.81-0.0889334′-SMe6.75.1745.204-0.03344′-Morpholino8.95.0515.108-0.05735[a](#tbl2fna){ref-type="table-fn"}4′-N (Me)23.75.4325.1150.317[^2]

2.2. Molecular modeling and alignment {#sec2.2}
-------------------------------------

Molecular alignment considered as one of the most sensitive parameters for CoMFA and CoMSIA analysis \[[@bib28], [@bib29]\]. In this paper, the ligand-based alignment rule was used by the simple alignment method available in SYBYL-X 2.0 software. All Molecular structures were built with sketch module and minimized under the Tripos force standard field \[[@bib30]\] using corresponding Gasteiger--Huckel atomic partial charges on SYBYL-X 2.0 platform \[[@bib30], [@bib31]\]. Moreover, 0.005 kcal/(mol Å) was set as convergence criterion of Powell gradient algorithm and maximum of 10,000 iterations to get stable conformation \[[@bib32]\].

2.3. Generation of 3D-QSAR models {#sec2.3}
---------------------------------

CoMFA and CoMSIA studies were performed using Sybyl X-2.0 software (Tripos,Inc., USA). We analyzed the CoMFA model using steric and electrostatic fields according to Lennard Jones and Coulomb potentials, the steric and electrostatic energies were calculated using a sp3 hybridized carbon atom with a Van Der Waals radius of 1.52 Å and a net +1.0 charge, with the default value of 30 kcal/mol was set for energy cutoff calculations. The CoMSIA model calculates more physico-chemical descriptors as hydrophobic, hydrogen bond acceptor and hydrogen bond donor fields using the probe atom. The CoMSIA method was executed with the same lattice box as employed in CoMFA method. The column filtering and attenuation factor were set to the default value of 2.0 kcal/mol and 0.3, respectively. In this paper, in order to obtain the best CoMSIA model, 16 different combinations of fields were employed to build the CoMSIA model (see [Table 3](#tbl3){ref-type="table"}).Table 3The PLS statistical results of CoMFA and CoMSIA models in different molecular field combinations.Table 3Q^2^R^2^SEEFNOC$R_{pred}^{2}$FractionsSterElecHydDonAccCoMFA0.5010.970.115156.68940.720.3700.630CoMSIA/SEA0.5260.9150.19153.80040.7650.2830.4330.284CoMSIA/SEH0.4850.8820.21952.27830.7150.2720.4040.324CoMSIA/SED0.4830.8820.21952.45830.7280.2730.3650.365CoMSIA/SHD0.480.8580.2442.33530.7510.2810.3290.390CoMSIA/SHA0.5010.9070.19948.68240.7380.2990.3780.323CoMSIA/SDA0.5060.8590.23942.66630.6940.2790.4150.306CoMSIA/EHA0.5020.9090.19268.81930.7280.3900.3360.274CoMSIA/EHD0.4820.9020.19964.45130.7090.3570.3000.343CoMSIA/EDA0.5070.8950.20759.66530.6340.3520.3650.283CoMSIA/HDA0.5130.8750.22648.93730.7100.3220.3770.302CoMSIA/EHDA0.520.8990.20361.98530.7210.2710.2340.2790.217CoMSIA/SHDA0.5120.8710.22947.12630.7260.2050.2560.3110.228CoMSIA/SEDA0.5160.8860.21554.53630.6970.2030.2880.2980.212CoMSIA/SEHA0.5250.9440.15864.39750.7320.1940.3310.2540.221CoMSIA/SEHD0.4940.8870.21554.87830.740.2040.2820.2330.281CoMSIA/SEHDA0.5180.8890.21288.84030.720.1620.2320.1950.2400.172

2.4. Partial least squares (PLS) analysis {#sec2.4}
-----------------------------------------

The PLS method \[[@bib33]\] was performed to evaluate a linear correlation between the CoMFA and CoMSIA descriptors and the biological activity values. In PLS analysis, the leave-one-out (LOO) cross-validation method was used to determine the optimum number of components (NOC) using the highest cross-validation correlation coefficient (Q^2^) with the lowest standard estimation error (SEE). After determining (NOC), the non-cross-validation methods were then carried out to test the overall significance of the models, which calculated by Statistical parameters: coefficient of determination (R^2^), the value F (Fischer test) and standard estimation error (SEE). To further assess the robustness and statistical validity of the established models, several external validation strategies were also applied \[[@bib34]\].

2.5. External validation of the CoMFA and CoMSIA models {#sec2.5}
-------------------------------------------------------

To assess the predictive capabilities of the 3D-QSAR models based on the training set, the biological activities of the external test set of 10 compounds were predicted. These molecules were aligned to the template using the same method described above, and then their predictive ability and the accuracy of the model was measured using the external validation determination coefficient ($\text{R}_{\text{pred}}^{2}$) by the following formula: $\text{R}_{\text{pred}}^{2}$= (SD-PRESS)/SD, where SD is the sum of the squared deviations between the activity values of the test set and the average activity values of the training set, and PRESS is the of the squared deviations between predicted and experimental activity values of the test set compounds. According to Golbraikh and Tropsha study \[[@bib35]\], The following equation introduces an additional statistic for the external validation:$$r_{0}^{2} = 1 - \frac{\sum\left( {Y_{test(pred)} - kY_{test(pred)}} \right)^{2}}{\sum\left( {Y_{test(pred)} - {\overline{Y}}_{test(pred)}} \right)^{2}}$$$$r_{0}^{'2} = 1 - \frac{\sum\left( {Y_{test} - kY_{test}} \right)^{2}}{\sum\left( {Y_{test} - {\overline{Y}}_{test}} \right)^{2}}$$$$K = \frac{\sum\left( {Y_{test} - Y_{test(pred)}} \right)}{\sum\left( Y_{test(pred)} \right)^{2}}$$$$K' = \frac{\sum\left( Y_{test} - Y_{test(pred)} \right)}{\sum\left( Y_{test} \right)^{2}}$$Where $r^{2}$ is a squared correlation coefficient value between predicted and experimental activity values of the test set.

$r_{0}^{2}$ and $r_{0}^{'2}$ is squared correlation coefficient values of predicted versus experimental and experimental versus predicted activity for the test set at zero intercept, respectively.

K and K\' are the slope of the plot of predicted versus observed and observed versus predicted activity for the test set at zero intercept, respectively.

Moreover, according to Roy study \[[@bib36]\], it is necessary to compute the difference between the values of $r^{2}$, $r_{0}^{2}$ and $r_{0}^{'2}$ for further validate the predictive ability of the model using the following equation:$$r_{m}^{2} = r^{2}\left( {1 - \sqrt{\left( {r^{2} - r_{0}^{2}} \right)}} \right)$$$$r_{m}^{'2} = r^{2}\left( {1 - \sqrt{\left( {r^{2} - r_{0}^{'2}} \right)}} \right)$$

2.6. Applicability domain {#sec2.6}
-------------------------

All QSAR models were developed on a limited number of compounds that do not cover the entire chemical space, the domain of applicability (DA) is the region of the chemical space in which the QSAR model can reliably predict new compounds. Thus, determination of DA is an important tool for the reliable application of QSAR models \[[@bib37]\]. In this study, to determine the applicability of the QSAR model, the leverage approach was employed, in which standardized residuals (h) versus leverage values were illustrated for fast and simple graphical detection of outliers (Williams plot). Then, a diagram allows to validate the reliability of the QSAR model if the leverage value (h) is lower than critical leverage value (h∗) \[[@bib38]\].

2.7. Molecular docking {#sec2.7}
----------------------

The Molecular docking simulation was carried out using AutoDock 4.2.3 software, in order to analyze the interactions mechanism and investigate binding modes to gain insight into the key structural and geometric requirements. In this study, we carried out the molecular docking study of two compounds, compound **13** (the lowest active) and compound **20** (the highest active), with the Qo site of cytochrome bc1 (PDB Id: [3CX5](pdb:3CX5){#intref0010}), which is downloaded from the RCSB Protein Data Bank \[[@bib39]\]. First, we have removed the ligands and all water molecules from the protein using the Discovery Studio software \[[@bib40]\]. The docked conformations and the ligand-protein interactions studies were carried out in AutoDock Tools version1.5.6 \[[@bib41]\]. The 3D grid was generated using the AutoGrid algorithm to evaluate ligand-protein interactions energy \[[@bib42]\]. The grid maps were created were set to 60 Å in all directions (X,Y,Z axes), with default grid space size 0.375 Å, The center grid box is about (14.903Å, -22.842Å and 30.627Å) by the ligand location in the protein. After completion the docking, the docked conformations of the ligands were analyzed for their binding interactions using 2D and 3Dvisualizations by Discovery Studio software \[[@bib40]\].

2.8. Docking validation protocol {#sec2.8}
--------------------------------

The docking results were validated by extracting the co-crystallized ligand of the protein (PDB Id: [3CX5](pdb:3CX5){#intref0015}) and re-docking it into the same position. The lowest energy pose obtained on re-docking and the co-crystallized ligand were superimposed, and its root mean square deviation (RMSD) was calculated between these two superimposed ligands. To validate the docking process, The RMSD must be within the reliable range of 2 Å \[[@bib43], [@bib44]\].

2.9. In silico pharmacokinetics ADMET and drug likeness prediction {#sec2.9}
------------------------------------------------------------------

In order to identify potential drug candidates, the ADMET and drug likeness profile was developed for the preliminary estimation of the pharmacokinetic, physicochemical and drug-like parameters in the discovery drug process. In silico study provides a pathway to access pharmacokinetic parameters (Adsorption, Distribution, Metabolism, Excretion and Toxicity; ADMET) \[[@bib45]\], its absorption in the human intestine, penetration of the blood-brain barrier and the central nervous system, the metabolism refers to the chemical biotransformation of a drug by the body, total clearance of drugs and the toxicity levels of the molecules. Prediction of the drug likeness of the designed compound was assessed by rule-based filters from Lipinski, Ghose, Veber and Egan, and the synthetic accessibility difficulty scale was 1--10.

3. Results and discussion {#sec3}
=========================

3.1. Molecular alignment {#sec3.1}
------------------------

The molecular alignment method is the sensitive step used to build a performing 3D-QSAR model. The highest biological activity from the compound **20** was chosen as template molecule for aligned the data set and to serve to visualize the contour maps in 3D-QSAR studies. [Figure 3](#fig3){ref-type="fig"} shows the all 3D molecular structures in training and test sets were aligned on the common core and the template using the alignment technique based on the best-docked conformation of compound **20**.Figure 3Superposition and alignment of the 35 studied compounds using molecule 20 as a template.Figure 3

3.2. CoMFA and CoMSIA studies {#sec3.2}
-----------------------------

[Table3](#tbl3){ref-type="table"} show the statistical parameters of CoMFA and CoMSIA models. For CoMFA analysis, the contributions of the steric and electrostatic fields explain 37% and 63% of the variance, respectively. The cross-validated determination coefficient Q^2^ fitted by the LOO method in PLS is 0.501, with optimum number of principal components as 4, the non-cross-validated determination coefficient R^2^ was 0.97 with a reliable SEE of 0.115 and F-test value is 156.689, a high predictive value for the external validation of test set ($\mathbf{R}_{\mathbf{pred}}^{2}$=0.72).

For CoMSIA analysis, the different combinations of the five fields were used to develop the different CoMSIA models, the results indicate ([Table 3](#tbl3){ref-type="table"}) that CoMSIA model based on the Steric, Electrostatic and Hydrogen bond Acceptor fields (SEA) and the Steric, Electrostatic, Hydrophobic, and Hydrogen bond Acceptor fields (SEHA) having the best prediction of biological activity, but the model CoMSIA/SEA (Tables [1](#tbl1){ref-type="table"}, [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}) show the greatest value of external predictive of test set ($\mathbf{R}_{\mathbf{p}\mathbf{r}\mathbf{e}\mathbf{d}}^{2}$= 0.765). In this study, we considered the CoMSIA/SEA model as the most appropriate and provided the best statistical keys, the Q2 in our model is 0.526 with the four as optimum number of principal components. The R^2^ is 0.915 with a reliable SEE of 0.191 and F -test value is 53.8.

Q^2^ is the Cross-validated determination coefficient, N is the Optimum number of components, R^2^ is the non-cross-validated determination coefficient. SEE is the standard estimation error. F is the F -test value, NOC is the Optimum number of components, $\mathbf{R}_{\mathbf{p}\mathbf{r}\mathbf{e}\mathbf{d}}^{2}$ is the external validation determination coefficient, Ster is the steric field, Elec is the electrostatic field, Hyd is the hydrophobic field, Don is the Hydrogen bond donor field and Acc is the Hydrogen bond acceptor field.

Overall, the 3D-QSAR model considered reliable predictive \[[@bib46]\], if the values of R^2^, $R_{pred}^{2}$ and Q^2^ are greater than 0.6, 0.6 and 0.5, respectively. Therefore, the CoMFA and CoMSIA/SEA models indicate a favorable estimation of stability and a good predictive quality, this was confirmed by the prediction ability of external validation. In order to verify these results, we tested the robustness and predictability of the best models**.** The results of the external validation test computed for the CoMFA and CoMSIA/SEA models are presented in [Table 4](#tbl4){ref-type="table"}.Table 4Statistical parameters for the validation of CoMFA and CoMSIA/SEA model.Table 4ParameterValidation CriteriaCoMFACoMSIA/SEA$Q^{2}$$Q^{2} > 0.5$0.5010.526r^2^r^2^ \> 0.60.7180.765$\left| {r_{0}^{2} - r_{0}^{'2}} \right|$$\left| {r_{0}^{2} - r_{0}^{'2}} \right| < 0.3$0.210.057k0.85 \< k \< 1.151.11.09$\frac{r^{2} - r_{0}^{2}}{r^{2}}$$\frac{r^{2} - r_{0}^{2}}{r^{2}} < 0.1$0.020K′0.85 \< k^'^\<1.150.840.87$\frac{r^{2} - r_{0}^{'2}}{r^{2}}$$\frac{r^{2} - r_{0}^{2}}{r^{2}} < 0.1$0.310.06$r_{m}^{2}$$r_{m}^{2} > 0.5$0.630.765$r_{m}^{'2}$$r_{m}^{'2} > 0.5$0.370.582

According to the results of [Table 4](#tbl4){ref-type="table"}, the CoMSIA/SEA model passed all tests successfully and in perfect agreement with the criteria of the Roy as well as Golbraikh and Tropsha, however, the CoMFA model was unsuccessful in some criteria. The CoMSIA/SEA model showed the better understanding of the activity compared to the CoMFA model, because he has better predictive power for new compound and it respects all validation methods. For this reason, we used the CoMSIA/SEA contour maps to understand the criteria structures for increasing activity so as to discover new active compounds.

3.3. Applicability domain {#sec3.3}
-------------------------

The William plot for the applicability domain (AD) of the model is shown in [Figure 4](#fig4){ref-type="fig"}.Figure 4William plot for the developed CoMSIA/SEA model.Figure 4

The AD of the CoMSIA/SEA model was defined by leverage analysis expressed as Williams plot ([Figure 4](#fig4){ref-type="fig"}). In the William plots, the results indicate that the leverage values of all the compounds in the training and test sets were lower than the warning leverage (h∗ = 0.40) except for compound 20, which was greater than the warning lever effect, this compound belong to the training set. The CoMSIA/SEA model of test sets was predicted correctly because they\'re void of outliers. Therefore, all compounds tested are in the AD, indicating that their predicted activity values are reliable.

3.4. Graphical interpretation of CoMSIA model {#sec3.4}
---------------------------------------------

To visualize the information contained in the best 3D-QSAR model, we based on CoMSIA/SEA contour map with the most active compound 20 of the series as a reference. The Steric, Electrostatic and Hydrogen bond acceptor fields of the CoMSIA contour maps are shown in [Figure 5](#fig5){ref-type="fig"}.Figure 5(a) Steric, (b) Electrostatic and (c) Hydrogen bond acceptor Contour maps of CoMSIA analysis with 2 Å grid spacing in combination with compound 20.Figure 5

In the steric field, the green contours (80% contribution) indicate regions where bulky groups enhance the biological activity, while yellow contours (20% contribution) indicate regions where bulky groups decrease activity. In the electrostatic field, the blue contours (80% contribution) indicate where the positive electrostatic favored, whereas red contours (20% contribution) indicated where the negative electrostatic favored regions. Furthermore, the hydrogen-bond acceptor field, the magenta contour maps (contribution 80%) for hydrogen-bond acceptor groups increase activity, while red contours (contribution 20%) indicate the disfavored region.

In the CoMSIA steric contour map, we have observed a large green contour covers at R substitutions in para position for azaaurone compounds, which indicates that bulky substitution group selection is required in this region. That can explain why compounds **20** with the --CH~2~-CH~3~ on para position is more active than than the compound **21** with the same substitution on ortho position. Therefore, the R~2~ bulky substitution at the para position of the benzene ring might have better activity.

In the CoMSIA electrostatic contour maps, we observed a blue contour near at R substitutions in para position for azaaurone compounds, indicating that introducing high electropositive groups or atoms in this position can improve the activity. This can be explained by the fact that compounds 20 with the -CH~2~-CH~3~ at para position shows higher activity than compounds 15 and 16 with -Br and -Cl in the same position. Therefore, the compounds **20**, **26**, **27**, **28**, **29** and **33** have higher activity. Moreover, we have observed a red contour is near at R substitutions in meta position for azaaurone compounds, indicating that introducing high electronegative groups or atoms can improve the activity. This can be explained by the fact that compounds **18** with the --Cl at ortho and meta position shows higher activity than compounds **17** with --Cl in ortho position only and then adding --CH~3~ at the meta position in compound **24** has decreased the activity relative to compound **23**.

In the hydrogen-bond acceptor contour map, the red contours near R substitution in para position indicated that the substitution the hydrogen-bond acceptor in this position is unfavorable for increasing the activity, this result can explain why compounds **15, 16**, **20**, **26**, **27**, **28**, **29, 33** and **35** have higher activity.

3.5. Molecular docking {#sec3.5}
----------------------

The molecular docking study was used to obtain information on the structural basis and interaction established of the difference in sensitivity to Qo site inhibitors of the heme b~L~. The heme b~L~ Binding Sites is built by nonpolar residues (Leu40, Gln43, Gly47, Ala 51, Ala83, Ala86, Phe89, Thr127, Gly131, Tyr132, Val135 Tyr184 and Pro187) with the exception of the iron ligands (His82 and His183) \[[@bib47]\]. The interactions mode obtained by molecular docking for compounds **13** and **20** are illustrated in [Figure 6](#fig6){ref-type="fig"}.Figure 62D and 3D docking poses showing interactions of compounds 13 and 20 in the binding sites of cytochrome b. (a) Compound 13:(binding energy -10.33 kcal/mol). (b) Compound 20: (binding energy -10.49 kcal/mol).Figure 6

In molecular docking study, the compound **20** interaction of azaaurone with the active site of heme b~L~ shows two hydrogen bonds between the nitrogen atoms of the azaaurone and the amino acids His82 and His183 with the distance of 2.66 Ǻ and 2.69Ǻ, respectively. In addition, the Pi-Pi interactions are observed between a benzene with amino acid His180 (5.1 Ǻ) and Tyr54 (4.77 Ǻ). However, the compound **13** of aurone was performed the two Pi-Pi interactions between a benzene and pyrrolidine with amino acids His183 (5.17 Ǻ) and His82 (4.44 Ǻ), respectively.

The most active compound has shown the hydrogen bonds interactions with the amino acids His82 and His183. However, the low active compound has formed the Pi-Pi interactions with the same amino acids. The residues His82 and His183 are ligands of heme b~L~ in the Qo site in the cytochrome b, the hydrogen bonds are much stronger interactions than Pi-Pi bonds \[[@bib48]\], because they assure stability to the protein structure and selectivity to protein-ligand interactions as well as the distances of hydrogen bond interactions are much closer to key amino acids than to Pi-Pi bond interactions. Overall, the azaaurone is more active than aurone because the nitrogen atom of azaaurone plays a crucial role in antimalarial activity by inhibiting mitochondrial cytochrome b.

3.6. Docking validation protocol {#sec3.6}
--------------------------------

In order to test the capacity of docking algorithms to predict the conformation of the protein-bound ligand, re-docking of the Co-Crystallized Ligand was applied to validate the accuracy of the docking procedure. [Figure 7](#fig7){ref-type="fig"} clarifies the superimposed view between the docked ligand conformation and the co-crystallized ligand conformation and the RMSD value is 5.885 Ǻ. After the majority of publications, high RMSD value (5.885 Ǻ) would suggest an inaccurate pose prediction. However, several studies have shown that the RMSD parameter suffers from serious problems \[[@bib49], [@bib50]\]. On the one hand, the large, almost symmetric molecules almost symmetrical can be exchanged in the binding site during docking, as the case in this study, the RMSD would be at a very high level and would suggest a poor placement \[[@bib49]\]. On the other hand, the Small compounds can easily achieve low RMSD even when placed randomly. Moreover, there is no information on the quality of the representation of the complex, the interactions of a ligand with the protein. Several studies \[[@bib49], [@bib51], [@bib52]\] have proposed a new benchmark for the quality of docking poses based on visual inspection.Figure 7Re-docking pose with the RMSD value of 5.885 Å (Green = Original, blue = Docked).Figure 7

For visual inspection, [Figure 8](#fig8){ref-type="fig"} presents the 2D visualization of the interactions between a generated docking pose and the experimental ligand conformation. The results of this visual inspection show the same interactions as in the experimental binding mode, as observed in [Figure 8](#fig8){ref-type="fig"}. This result confirms that the à alone is not a reliable parameter for the quality of docking poses for docking validation and the use of visual inspection as a new reference is necessary. Thus, the docking process in this study was successfully validated.Figure 8(a) 2D visualization showing interactions of ligand pose prediction result. (b) 2D visualization showing interactions of the crystallographic ligand pose.Figure 8

3.7. Design of new compounds {#sec3.7}
----------------------------

The principal aim of this study is the design of new inhibitors of Qo site in cytochrome b, through the recommendations we have extracted from the 3 D-QSAR and molecular docking studies on the structural characteristics of the highest active compound (compound number **20**). In this study, four azaaurone derivatives were designed to improve and propose a new antimalarial agent, newly designed compounds were aligned to the database using compound **20** as a template, and we used the CoMSIA/SEA model to predict the activity of the newly designed compounds ([Figure 9](#fig9){ref-type="fig"}). The new candidate compounds with antimalarial activity are presented in [Table 5](#tbl5){ref-type="table"}.Figure 9Structures of newly designed molecules.Figure 9Table 5Molecular docking scoring and predicted pIC50 based on CoMSIA/SEA model for the newly designed compounds.Table 5compoundsCoMSIA/SEA modelDocking scorepIC~50~(pred)IC~50~(pred)(-Log ki)T~1~5.4293.728.126T~2~5.4253.766.407T~3~5.4093.97.558T~4~5.4073.926.961

3.8. ADMET prediction and druglikeness {#sec3.8}
--------------------------------------

All newly designed molecules predicted by the CoMSIA/SEA model have almost the same activities. Therefore, to ensure that the designed molecules are the viable drugs, we used the pharmacokinetic parameters ADMET and druglikeness. The pkCSM online tool \[[@bib53]\] was employed to predict in silico ADMET properties ([Table 6](#tbl6){ref-type="table"}), and druglikeness properties were further predicted using the SwissADME online tool \[[@bib54]\] ([Table 7](#tbl7){ref-type="table"}).Table 6In silico ADMET prediction of new designed compounds.Table 6CompoundsAbsorptionDistributionMetabolismExcretionToxicityIntestinal absorption\
(human)VDss\
(human)BBB permeabilityCNS permeabilitySubstrateInhibitorTotal\
ClearanceAMES toxicityCYP2D63A41A22C192C92D63A4Numeric (%\
Absorbed)Numeric\
(Log L/kg)Numeric (Log BB)Numeric (Log PS)Categorical (Yes/No)Numeric\
(Log ml/min/kg)Categorical (Yes/No)T~1~93.8640.2050.041-0.568NoYesNoYesYesNoYes0.366NoT~2~96.3180.172-0.708-2.933NoYesYesYesYesNoYes0.501NoT~3~94.6080.5350.024-1.935NoYesYesYesYesNoYes0.498NoT~4~95.6710.5630.111-1.715NoYesYesYesYesNoYes0.56NoTable 7Drug likeness prediction of the compound T~1~, T~2~, T~3~ and T~4~ basing on lipinski, Ghose, veber and Egan, and their synthetic accessibility.Table 7LipinskiGhoseVeberEganSynthetic accessibilityT~1~YesYesYesYes3.41T~2~YesYesYesYes3.31T~3~YesYesYesYes3.63T~4~YesNoYesYes3.9

Absorbance value below 30% signifies poor absorbance, all compounds displaying a value above 90%, which reveals a good absorbance in the human intestine. Volume of distribution (VDss) is considered high if the value is greater than 0.45. In addition, blood brain barrier (BBB) and central nervous system (CNS) permeability standard values (\>0.3 to \< -1 Log BB and \> -2 to \< -3 LogPS), respectively. For a given compound a LogBB \< -1 are poor distributed to brain, while LogBB \>0.3 are potential to cross BBB and LogPS \> -2 considered to penetrate the CNS, while LogPS \< -3 are difficult to move in the CNS \[[@bib55]\]. Therefore, the compounds **T**~**3**~ and **T**~**4**~ have the best significant potential to cross the barriers.

The enzymatic metabolism indicate the chemical biotransformation of a drug in the body, which plays an important role in conversion of drug compounds. In the body, drugs produce several enzymatic metabolites, that play a major role in catalysing the reaction with Different drug concentration \[[@bib56]\]. It is required to consider their metabolism of drugs, which may have different physicochemical and pharmacological properties. The cytochrome P450 (CYP450) plays a major role in drug metabolism because the major liver enzyme system involved in phase 1 metabolism (oxidation) as the case of our study. Thus far, 57 CYP genes from 17 families have been identified in human, but only CYP1, CYP2, CYP3 and CYP4 families are involved in drug metabolism, with CYP (1A2, 2C9, 2C19, 2D6 and 3A4) being responsible for the biotransformation of greater than 90% of drugs undergoing phase I metabolism \[[@bib56], [@bib57]\]. However, among these families, CYP3A4 is the most important inhibition in this study \[[@bib58]\]. All new designed compounds were found to be the substrate and the inhibitor of CYP3A4.

Clearance is a constant that describes the relationship between drug concentration in the body and the rate of elimination of the drug. Therefore, All new compounds designed show a somewhat high value, but still acceptable in persistence of the drug in the body. Moreover, it is necessary to examine whether if the predicted compounds are non-toxic because this plays a critical role in the selection of drugs. Fortunately, all the compounds we designed are non-toxic. Overall, the new molecules designed **T**~**3**~ and **T**~**4**~ with good pharmacokinetic properties.

The compounds designed were evaluated for their synthetic accessibility, the Synthetic accessibility values for all compounds designed is about 3, therefore, they are easy to synthetic. In addition, the new compounds **T**~**1**~, **T**~**2**~ and **T**~**3**~ respect all drug likeness rules.

4. Conclusion {#sec4}
=============

In the aim of producing new antimalarial drug candidates, the 3D-QSAR and molecular docking study was used to explore the structural determinants and specific binding modes of 35 aurone analogues acting as Qo site inhibitors at the cytochrome b. The excellent predictive power of CoMSIA/SEA model observed for a test set of compounds indicates a significant statistical quality and the significance was confirmed by the external validation methods, This shows that this model can be successfully used to predict the activity of new molecules designed.

The molecular docking study explained how aurone analogues can inhibit cytochrome b by acting at the Qo site by intractions with the amino acids His183 and His82 which are ligands of heme b~L~, these residues play a decisive role for antimalarial activity by blocking electron transfer from the respiratory chain of *P. falciparum*. In the docking validation protocol, RMSD is not a good parameter in the case of large, nearly symmetrical molecules. however, visual inspection is the perfect solution. in this study, visual inspection showed very convincing results for the validation of molecular docking.

The powerful approaches such as 3D-QSAR study using CoMSIA contour map results and molecular docking analysis led to design of four new compounds (T~1-4~) that can be useful for further design of novel cytochrome b inhibitors. The combination of ADMET prediction and Druglikeness has shown promising results in silico, because the new designed molecules have improved kinetic properties and it respect all druglikeness rules as well as an interesting result in terms of biological activity. The results of this study could represent good drug candidates for the treatment of malaria.
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